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We infer the collapse times of long-lived neutron stars into black holes using the X-ray afterglows
of 18 short gamma-ray bursts. We then apply hierarchical inference to infer properties of the
neutron star equation of state and dominant spin-down mechanism. We measure the maximum non-
rotating neutron star mass MTOV = 2.31
+0.36
−0.21M and constrain the fraction of remnants spinning
down predominantly through gravitational-wave emission to η = 0.69+0.21−0.39 with 68% uncertainties.
In principle, this method can determine the difference between hadronic and quark equation of
states. In practice, however, the data is not yet informative with indications that these neutron
stars do not have hadronic equation of states at the 1σ level. These inferences all depend on the
underlying progenitor mass distribution for short gamma-ray bursts produced by binary neutron
star mergers. The recently announced gravitational-wave detection of GW190425 suggests this
underlying distribution is different from the locally-measured population of double neutron stars.
We show that MTOV and η constraints depend on the fraction of binary mergers that form through
a distribution consistent with the locally-measured population and a distribution that can explain
GW190425. The more binaries that form from the latter distribution, the larger MTOV needs to
be to satisfy the X-ray observations. Our measurements above are marginalised over this unknown
fraction. If instead, we assume GW190425 is not a binary neutron star merger, i.e the underlying
mass distribution of double neutron stars is the same as observed locally, we measure MTOV =
2.26+0.31−0.17M.
I. INTRODUCTION
The historic first detection of gravitational waves from
a binary neutron star inspiral GW170817, ushered in a
new era of gravitational-wave and electromagnetic multi-
messenger astronomy [1–4] and confirmed that binary
neutron star mergers are the progenitors of some short
gamma-ray bursts [see e.g., 2]. Short gamma-ray bursts
are typically accompanied by lower energy broadband
emission, commonly attributed to the interaction of the
jet with the surrounding interstellar medium [e.g., 5–9].
However, the X-ray afterglow of some short gamma-ray
bursts often exhibits two features that cannot be ade-
quately explained by such an interaction; a plateau and
steep decay hundreds to thousands of seconds after the
burst [10–14]. Although, there have been recent interpre-
tations of sharp drops as a signature of a reverse shock
[15, 16]. These features can be explained by a long-lived,
rapidly-rotating, highly-magnetized neutron star [e.g.,
17–23]. A steep decay is attributed to the collapse of
such a neutron star into a black hole [12, 24]. Such
supramassive neutron stars collapse because they are
born above the non-rotating neutron star mass limit—
the Tolman-Oppenheimer-Volkoff mass MTOV—but col-
lapse when they lose the additional centrifugal support
required to prevent black hole formation. This is different
to hypermassive neutron stars which collapse on shorter
timescales [e.g., 25]. In contrast, the observations of a
∗ nikhil.sarin@monash.edu
plateau with no sharp drop are best interpreted as the
signature of a stable long-lived neutron star, possible if
the neutron star is born with mass below MTOV.
Several authors have attempted to indirectly infer the
neutron star equation of state given the aforementioned
plateau and steep decay features. This is done through
inferring the ratio of short gamma-ray bursts that pro-
duce supramassive or infinitely stable neutron stars [e.g.,
14], or by measuring the collapse time which is a func-
tion of the equation of state, the dominant spin-down
mechanism, and the progenitor mass distribution [26–
29]. The idea that the collapse time of these objects come
from a distribution with the shorter than expected col-
lapse time perhaps being an indication of gravitational-
wave emission was suggested by Fan et al. [30]. Ravi
and Lasky [27] derived a theoretical collapse-time dis-
tribution assuming supramassive neutron stars spindown
predominantly through magnetic-dipole radiation, find-
ing the four reliable collapse-time measurements at that
time to be smaller, and seemingly at odds with the the-
oretical distribution. This discrepancy between the ob-
served and theoretical distributions has been interpreted
as evidence for two alternative hypotheses; the existence
of deconfined quarks [28, 31, 32] or initial rapid spin-
down through gravitational waves [29, 30]. The task of
this paper is to determine which of these interpretations
is correct.
We fit a collapsing neutron star model to the light-
curves of all short gamma-ray burst X-ray afterglows
observed by The Neil Gehrels Swift Telescope measur-
ing the collapse time of 18 neutron stars born in short
gamma-ray bursts. We perform Bayesian hierarchical
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2inference to infer hyperparameters associated with the
equation of state and dominant spin-down mechanism.
This involves first, measuring the collapse time from the
X-ray afterglow then inferring the parameters associated
with the distribution of collapse times.
We measure MTOV = 2.31
+0.36
−0.21M; uncertainties here
and throughout are 1σ unless otherwise stated. We
constrain the fraction of neutron stars spinning down
predominantly through gravitational-wave emission to
η = 0.69+0.21−0.39, suggesting ∼ 70 % of these neutron stars
spin down predominantly through gravitational waves.
Although the gravitational waves emitted from these ob-
jects are likely not detectable individually, this constraint
has important implications for the gravitational-wave
stochastic background and the mechanisms which gener-
ate gravitational waves in these objects, such as the spin-
flip or bar-mode instability. We also measure equation-
of-state specific parameters which indicates that the data
is best explained by quark star equation of states at the
1σ level.
These results all depend on the underlying binary neu-
tron star mass distribution, which has been typically as-
sumed to be the same as the galactic double neutron star
mass distribution observed locally with radio. However,
the gravitational-wave event GW190425 [33] is a mas-
sive binary neutron star merger with progenitor masses
inconsistent with the local population. With a total
mass ∼ 3.4M, GW190425 may have formed dynami-
cally rather than through isolated binary evolution or
perhaps through case-BB common envelope phase [33].
Conservatively, this suggests the neutron star binaries
that merge to produce short gamma-ray bursts are a mix-
ture of the locally observed binary neutron star mass
distribution and a mass distribution that can explain
GW190425.
We perform our analysis with a modified mass distri-
bution that allows for a bimodal distribution consistent
with all neutron stars in our galaxy. We parameterize
this distribution with an unknown mixing fraction dictat-
ing the probability of neutron stars coming from the two
aforementioned formation channels. Our results above
are marginalised over this unknown mixing fraction. If
instead, we assume neutron star binaries that merge to
produce short gamma-ray bursts are drawn equally from
both distributions we measure MTOV = 2.30
+0.38
−0.19M.
If instead we assume a mixing fraction  = 0, i.e a
distribution that can explain the progenitors of the lo-
cally observed binary neutron stars and GW170817 but
one that cannot explain GW190425, then we measure
MTOV = 2.26
+0.31
−0.17M.
In this paper, we introduce our model for a collapsing
magnetar and present the collapse-time probability dis-
tributions and lightcurves of 18 short gamma-ray bursts
in Sec. II. In Sec. III we derive our Bayesian hierarchical
model. In Sec. IV we show our results for the nuclear
equation of state and spin-down mechanism and discuss
the implications of our analysis. We discuss limitations
and future extensions of our analysis and conclude in
Sec. V.
II. NEUTRON STAR COLLAPSE TIMES
Rapidly rotating, millisecond magnetars were first in-
troduced as an alternative central engine for gamma-ray
bursts [17, 18] and have been incredibly successful in in-
terpreting the Swift X-ray afterglow observations of sev-
eral short gamma-ray bursts [e.g., 11–14]. The standard
fireball-shock model governs the emission produced from
the interaction of the jet with the surrounding interstellar
medium. A model that has been modified in several ways
to explain the plateau observations such as through the
evolution of the microphysical parameters of the forward
shock [34], long-lived reverse shocks [35] and several other
modifications [e.g., 36, 37]. However, these modifications
cannot adequately explain the steep decay feature which
is naturally included in the magnetar model as the sig-
nature of a neutron star collapsing into a black hole [e.g.,
12].
Lasky et al. [26] derived a model for the collapse time
assuming these newly-born neutron stars spin down only
through vacuum dipole radiation, which has been used
to model the collapse time of several candidate neutron
stars born in short gamma-ray bursts [e.g., 38]. However,
such modelling is fraught with difficulties with systematic
uncertainties from k-corrections, restriction to modelling
only for gamma-ray bursts with a measured redshift, and
assumption of a vacuum dipole spin-down mechanism.
The latter assumption is problematic as the braking in-
dex of two putative neutron stars born in GRB130603B
and GRB140903A find only the former to be consistent
with spindown through dipole radiation in vacuum.
The optimal approach is to directly measure the col-
lapse time as the time of the sharp drop in the X-ray
afterglow as done for GRB090515 [12] and then extended
to a full catalogue of short gamma-ray bursts [13]. Here
we do a similar analysis with the extended model from
Lasky et al. [19] that allows for spin-down through arbi-
trary braking indices as opposed to the model used by
Rowlinson et al. [13] which was restricted to spindown
with a fixed braking index. Our model for the luminos-
ity evolution of a collapsing magnetar as derived in Lasky
et al. [19] is,
L(t) = AtΓ +H(t− tcol)L0
(
1 +
t
τ
) 1+n
1−n
. (1)
Here, L is the luminosity, t is the time since burst, n is the
braking index, A and Γ are the power-law amplitude and
power-law exponent respectively, which together describe
the emission from the tail of the prompt, L0 is the initial
luminosity at the onset of the plateau phase, τ is the
spin-down timescale, and tcol is the collapse time. We
note that since we fit to the flux data, the quantities here
are in the detector frame and are later transformed into
the source frame as we elaborate below. The second term
3Parameter Prior
A log Uniform[10−20, 102]
Γ Uniform[−4,−1]
L0 log Uniform[10
−20, 10−9]
τ log Uniform[102, 107]
tcol log Uniform[10
1, 107]
n Uniform[2, 7]
TABLE I. Priors used to fit the collapsing magnetar model
using Eq. 1.
in Eq. (1) is the magnetar model from Lasky et al. [19],
which models the luminosity evolution of a neutron star
spinning down with an arbitrary braking index, with the
step-function modification switching off this emission at a
time tcol. We fit our model to all short gamma-ray bursts
with X-ray afterglow data since the launch of Swift using
the nested sampler dynesty [39] through the Bayesian
inference library Bilby [40]. Our Priors on the various
parameters are listed in Table. I.
In contrast to Rowlinson et al. [13] who assumed an
average redshift for gamma-ray bursts without redshift
information, we fit directly to the flux lightcurve. Our
inference allows us to measure the collapse time directly
from the flux lightcurve which we then convert to the
source frame by randomly drawing redshift samples from
a probability distribution for z, P (z). For gamma-ray
bursts with a known redshift, P (z) is defined as a Gaus-
sian around the known redshift with mean and standard
deviation obtained from the Swift database, while for
gamma-ray bursts where the redshift is not known, we
define P (z) as uniform in co-moving volume between a
redshift z = 0 and z = 2. We obtained our flux data
for all short gamma-ray bursts from the Swift database
binned using the automatic binning strategies [41].
We show our one-dimensional marginalized posterior
for the source frame tcol in Fig. 1, with the top panel
showing collapse-time measurements for short gamma-
ray bursts with known redshift measurements, while the
bottom panel shows the collapse-time measurements for
gamma-ray bursts without a measured redshift. Our in-
ference allows us to obtain posteriors for all six param-
eters for each gamma-ray burst. An interesting feature
of the posterior is the top-hat structure. This is a prod-
uct of the uncertainty in measuring the collapse time as
the time of the sharp drop in X-ray flux and limited to
the resolution of the data, i.e., tcol could be anywhere
between two data points where the sharp drop occurs.
Although a sharp drop in luminosity cannot be ad-
equately explained within the fireball-shock model, we
perform Bayesian model selection between our collapsing
magnetar model and an agnostic fireball-shock model as
described in [20] to ensure the data is best explained by
a collapsing magnetar model. The Bayes factors com-
paring the fireball-shock and magnetar model for these
18 gamma-ray bursts are shown in Table II. As these
Bayes factors indicate, assuming both models are equally
P
(t
co
l)
Known redshift
160821B
160624A
150120A
101219A
100117A
090515
071227
070724A
060801
100 103
tcol[s]
P
(t
co
l)
Unknown redshift
181123B
160408A
150831A
120521A
120305A
100702A
081024A
080919
080702A
FIG. 1. One-dimensional posterior distributions for the col-
lapse times of all short gamma-ray bursts that have obser-
vations supporting a collapsing neutron star model. The
top panel shows posteriors for short gamma-ray bursts with
known redshifts, while the bottom panel shows posteriors for
gamma-ray bursts with unknown redshifts.
likely1, the collapsing magnetar model is significantly
favoured over the fireball-shock model indicating that
the X-ray afterglow observations here are best explained
by the presence of a long-lived neutron star which col-
lapses at some time. Of the set of gamma-ray bursts
considered, GRB150120A and GRB080702 have the low-
est Bayes factors, albeit still positive indicating prefer-
ence for the collapsing magnetar model. To demonstrate
our overall conclusions are not biased by these results, we
repeat our hierarchical inference analysis without these
two gamma-ray bursts and with leave-one-out cross val-
idation: we find the same overall conclusions. We show
fits to all short gamma-ray burst X-ray afterglows that
are best-fit by our model (Eq. (1)) in Fig. 2.
1 In reality, both models are not equally likely as the fireball is
always believed to be present. Here, the correct metric to com-
pare the two models is the Odds (see Sarin et al. [20] for details),
however model selection with the Odds requires knowing MTOV
and the neutron star mass distribution.
4FIG. 2. X-ray lightcurves for all gamma-ray bursts indicative of a collapsing neutron star. Black points indicate flux data
from Swift binned using the Swift automated binning strategy. The blue curve shows the maximum likelihood model for the
collapsing magnetar model (Eq. (1)). The dark red band is the superposition of 100 predicted lightcurves randomly drawn
from the posterior distribution.
5GRB lnBFM/F
GRB181123B 12
GRB160821B 1874
GRB160624A 112
GRB160408A 28
GRB150831A 522
GRB150120A 3
GRB120521A 80
GRB120305A 419
GRB101219A 208
GRB100702A 1752
GRB100117A 756
GRB090515 732
GRB081024A 37
GRB080919 53
GRB080702A 6
GRB071227 430
GRB070724A 362
GRB060801 162
TABLE II. Bayes factor lnBFM/F for the collapsing magnetar
model introduced here (Eq. 1) and fireball-shock model as
introduced in [20].
III. METHODOLOGY
While individual collapse-time measurements are in-
sightful, particularly if accompanied by the detection of
gravitational waves from the binary neutron star inspiral
[e.g., 26], significant constraints on the nuclear equation
of state and spin-down mechanism can be placed by con-
sidering the population. Hierarchical Bayesian inference
is a formalism that can accurately measure population
parameters. Here we write the formalism specifically for
our problem; see MacKay [42] for a general discussion
and derivation.
As discussed in Sec. I, there are two hypotheses in the
literature to explain the inconsistency between the mea-
sured collapse times and the theoretical distribution [27].
However, as we noted in Sec. II, the model for the col-
lapse time used in literature is derived assuming the neu-
tron star is spinning down solely through vacuum dipole
radiation. We extend this model to include spindown
via arbitrary braking indices through the general torque
equation
Ω˙ = kΩ〈n〉. (2)
Here, Ω is the star’s angular frequency, Ω˙ is its time
derivative, and 〈n〉 is the averaged braking index. We
emphasize that this averaged braking index is different
from the braking index measured through the fitting of
Eq. (1) to the X-ray afterglow as the braking index there
is measured at later times after the spin-down timescale τ
as the braking index likely evolves as the dynamics of the
newly-born neutron star change [e.g., 43]. One can see
this more clearly by considering Fig. 2, given our model
for the luminosity evolution (Eq. 1), the measurement of
n comes after t > τ , i.e., after the end of the plateau,
as it dictates the shape of the power-law at the end of
the plateau. The braking index is not measured earlier
during the plateau, where it is quite likely different.
Using the general torque equation, one can derive a
functional form of the evolution of the averaged spin pe-
riod as a function of time
p(t) = p0
(
1 +
t
τ
) 〈n〉−1
〈n〉+1
. (3)
Here, p0 is the initial spin-period of the neutron star and
p(t) is the spin period as a function of time. The max-
imum gravitational mass, Mmax, of a spinning neutron
star for a given equation of state can be written as [44],
Mmax = MTOV
(
1 + αpβ
)
(4)
Here, α and β are parameters fit to neutron star equilib-
rium sequences calculated for various values of the spin
period, p. In Newtonian gravity, β = −2 and α is a
function of the star’s mass, radius and moment of iner-
tia. Together, α and β describe an equation of state and
have been calculated for several equations of state [e.g.,
26, 28]. To make our analysis cleaner, we nondimension-
alize Eq. (4) by introducing a reference spin period, pref
Mmax = MTOV
[
1 + α¯
(
p
pref
)β]
, (5)
where α¯ = αpβref is a dimensionless variable related to α.
Substituting Eq. (3) into Eq. 5 and setting Mmax to Mp
and t to tcol gives
tcol,i =
τi
pγi0,i
[(
Mp,i −MTOV
αMTOV
) γi
β
− pγi0,i
]
. (6)
Here
γi =
〈n〉i + 1
〈n〉i − 1 , (7)
Mp is the mass of the post-merger remnant, pref is a
reference spin period which we set to 1 ms without loss
of generality. Parameters denoted with i are individual
event parameters and those without are the population
parameters we want to infer. Although MTOV can be
calculated explicitly by determining α and β, the rela-
tionship is not unique and as such we have conservatively
assumed that these parameters are uncorrelated.
Of the parameters denoted with i, we measure τ from
the X-ray afterglow, albeit poorly if the neutron star col-
lapses before τ . Our initial parameter estimation on the
X-ray afterglow also measures the braking index, n. How-
ever, as we emphasized above this n is different to 〈n〉.
Instead, we model 〈n〉 as either being indicative of pre-
dominant spin down through gravitational-wave emission
or through an unknown braking index which we measure.
This implies that we model 〈n〉 to be randomly drawn
from the distribution described by
〈n〉 = (1− η)N (µ〈n〉, σ1) + ηN (5, σ2), (8)
6where N (µ, σ) is a Gaussian distribution of mean µ and
standard deviation σ, η is a mixing fraction between the
two Gaussian distributions, µ〈n〉 is the mean of the first
Gaussian distribution and σ1 and σ2 are the standard
deviations of the first and second Gaussian distributions.
This implies that the population of average braking in-
dex is a mixture model of two Gaussian distributions,
one centred on 〈n〉 = 5 implying an average braking in-
dex where the spin down of the neutron star is dominated
by gravitational-wave emission and another Gaussian dis-
tribution centred on µ〈n〉 which we infer. We emphasize
that this model is a choice and we believe it captures the
necessary physics.
Equations (6) and (8) together describe our popu-
lation model, parameterized by hyperparameters, Λ =
{α¯, β,MTOV, µ〈n〉, σ1, σ2, η}. By Bayes’ theorem the pos-
terior distribution on these hyperparameters is
ptot(Λ|~d) = Ltot(
~d|Λ)pi(Λ)∫
dΛLtot(~d|Λ)pi(Λ)
. (9)
Here, ~d is the set of measurements of N events, pi(Λ) is
our prior on the hyperparameters, and Ltot(~d|Λ) is the
likelihood of the population data given our hyperparam-
eters. The denominator is the hyper-evidence, which can
be used for comparing two population models. Naively,
looking at Eq. (9) we might not see any dependence of
our posterior on the event parameters. This relationship
can be made explicit by rewriting the likelihood as
Ltot(~d|Λ) =
N∏
i
∫
dθiL (di|θi)pi (θi|Λ) . (10)
Here, θi is a vector of the i
th event parameters (θi =
{A,Γ, L0, τ, tcol, n,Mp, p0}), di is the data for the ith
event, L (di|θi) is the likelihood of the data di given event
parameters θi and pi (θi|Λ) is the prior on θi given our hy-
perparameters. These large sets of integrals in evaluat-
ing the hyper-likelihood make hierarchical inference pro-
hibitively expensive, fortunately, a computational trick,
referred to as “recycling” [e.g., 45] replaces these inte-
grals with sums over posterior samples from the initial
step of parameter estimation on an individual event, in
our case, the fitting of Eq. (1) to the X-ray afterglow.
Our formulation is still not complete as there are two
event-specific parameters we do not measure when fitting
Eq. (1) to the X-ray afterglow, the mass of the post-
merger remnant Mp, and the initial spin-period, p0. We
therefore marginalize over these two parameters, which
can be written explicitly as
Ltot(~d|Λ) =
N∏
i
∫∫∫
dθidMp,idp0,iL (di|θi)×
pi (θi|Λ)pi (Mp|Λ)pi (p0|Λ) , (11)
where pi (Mp|Λ) and pi (p0|Λ) are the prior distributions
on Mp and p0 given our hyperparameters. We assume a
uniform prior on p0 from 0.5− 1.0 ms, although we note
that in reality the spin-period prior should be a function
of the hyperparameters, in particular, α and β. However,
given we are marginalising over this parameter, we have
conservatively accounted for this covariance by propa-
gating all of the uncertainty through to our measured
parameters.
The prior on the post-merger remnant mass distri-
bution, pi (Mp|Λ) is much more complicated. Previ-
ously, several authors have calculated the distribution
of Mp using the observed binary neutron star popula-
tion in our galaxy [14, 20, 26]. These galactic dou-
ble neutron star systems measured with radio observa-
tions are empirically known to have a tight mass distri-
bution described by a Gaussian of mean µ = 1.32M
and width σ = 0.11M [46, 47]. While the progeni-
tors of GW170817 are consistent with the galactic dou-
ble neutron star mass distribution [48], the progenitors
of GW190425 are not at a highly-significant level [33].
This suggests GW190425 came from a different popula-
tion, perhaps as a result of dynamical formation or un-
stable case-BB common-envelope evolution [33]. In this
case, one would expect the masses of the progenitors of
GW190425 to be drawn from the population of neutron
stars not in double neutron star systems and instead from
a mass distribution consisting of all neutron stars.
Following Alsing et al. [47], we use the galactic neu-
tron star mass distribution, consisting both populations
of double neutron stars and neutron stars in other sys-
tems, to be representative of the underlying mass dis-
tribution of progenitors for gravitational-wave mergers
and short gamma-ray bursts. If GW190425 originated
through a different evolutionary pathway than observed
galactic double neutron star systems, then the relative
fraction between the two populations is almost entirely
unknown. Indeed, while it was originally thought the
progenitor of GW170817 came from the same popula-
tion as galactic double neutron stars [e.g., 48], even this
should now be called into question. As a consequence,
we leave the mixing fraction between the two popula-
tions as a free parameter. The full population of galactic
neutron stars can be fit with a double-peaked Gaussian
probability distribution [47]
p(M) = (1− )N (µ1, σ1) + N (µ2, σ2) , (12)
The known galactic systems have µ1 = 1.32M and σ1 =
0.11, µ2 = 1.80M, σ2 = 0.21M, and mixing fraction
 = 0.35.
In the left panel of Fig. 3 we show these mass distribu-
tions. The blue histogram shows the masses of neutron
stars in galactic double neutron star systems, while the
red histogram shows the masses of all other neutron stars.
In black is the probability distribution given by Eq. (12)
with values given above. In the right-hand panel of Fig. 3,
we show in blue the corresponding histogram for the chirp
masses of galactic double neutron stars; i.e., equivalent to
the systems shown in blue in the left panel. The two ver-
tical lines are the measured chirp masses for GW170817
7in green and GW190425 in magenta; the uncertainties
on these measurements are too small to be seen on this
scale. The solid black curve shows the chirp-mass proba-
bility distribution corresponding to converting the proba-
bility distribution of Eq. (12) into chirp mass. The black
dashed and dot-dashed curves show the same probability
distribution, albeit with  = 0.5 and  = 0.8, respectively.
Inspecting Fig. 3 one can see that although the pro-
genitors of GW190425 are inconsistent with the mass
distribution inferred from galactic double neutron star
systems, they are consistent with the mass distribution
for all galactic neutron stars. Assuming our galaxy is
typical, one, therefore, expects the progenitor mass dis-
tribution for all binary neutron star mergers to be similar
to the distribution given by Eq. (12), albeit with an un-
known mixing fraction .
For the remainder of the paper, we assume the pro-
genitor mass distribution is given by Eq. (12) with
(µ1, σ1) = (1.32, 0.11), (µ2, σ2) = (1.80, 0.21), and let 
be a free parameter which we infer through our hierarchi-
cal model. Following Sarin et al. [20], one can derive the
post-merger remnant mass distribution having the same
functional form as Eq. (12) with (µ1, σ1) = (2.42, 0.09),
(µ2, σ2) = (3.21, 0.25) assuming ≈ 0.07M of dynamical
ejecta is produced in the merger, consistent with obser-
vations of GW170817 [e.g., 49].
For the timescales we are interested in, neutron stars
can only collapse if they are born with mass between
MTOV and approximately 1.2×MTOV implying
pi (Mp|Λ) =
{
f () MTOV ≤Mp ≤ 1.2MTOV
0 otherwise
, (13)
where f () = (1− )N (2.42, 0.09) + +N (3.21, 0.25).
Our hierarchical likelihood is completely defined by
Eqs. (11-13), ready to be combined with suitable pri-
ors on our hierarchical model (Eq. 6). We perform hi-
erarchical inference on our population of events using
the nested sampler dynesty [39] through the Bayesian
inference library Bilby [40]. To make the analysis
computationally feasible, we use an adaptation of the
GPU-accelerated population inference code gwpopula-
tion [50] and cupy [51]. Our priors for the rest of the
hyperparameters are shown in Table. III.
IV. EQUATION OF STATE AND
GRAVITATIONAL-WAVE CONSTRAINTS
We first show our measurement on the maximum al-
lowed non-rotating mass MTOV, as alluded to previ-
ously, this is a function of the unknown mixing frac-
tion , between double neutron stars observed in our
galaxy and the population that explains the progenitors
of GW190425. Our measurement for MTOV for mixing
fraction,  = 0, and marginalised over all possible val-
ues of this mixing fraction are shown in Fig. 4 in the
Parameter Prior
MTOV Uniform[2.01, 2.9]
log10 α¯ Uniform[−3, 1]
β Uniform[−6,−2]
σ Uniform[1, 500]
µ〈n〉 Uniform[1, 4]
〈n〉σ,1 Uniform[0.1, 1.5]
〈n〉σ,2 Uniform[0.1, 1.5]
η Uniform[0, 1]
 Uniform[0, 1]
TABLE III. Priors for our hierarchical model described by
Eqs. (11-13).
top panel. The bottom panel shows the two-dimensional
posterior on MTOV and . On the same plot, we plot ver-
tical lines for different constraints on MTOV. The black
and blue lines correspond to the mass measurements of
two pulsars, PSRJ0348+0432 and PSRJ0740+6620 as
2.01±0.04M [52] and 2.14±0.1M [53] respectively, the
existence of such massive neutron stars puts a lower limit
on MTOV. The other two vertical lines come from the ob-
servation of GW170817, in particular by combining the
mass measurement from the gravitational-wave inspiral
and by inferring fate of the post-merger remnant. How-
ever, there is still disagreement on the ultimate fate of
the post-merger remnant of GW170817 with the interpre-
tations of the electromagnetic observations ranging from
a short-lived neutron star through to an infinitely stable
neutron star. Such uncertainty on the fate of the post-
merger remnant results in the constraint on MTOV rang-
ing from 2.09− 2.43M [54]. The green and red vertical
lines correspond to the limits of this constraint. We note
that the most widely accepted interpretation of the fate
of the post-merger remnant of GW170817, a hypermas-
sive neutron star that collapsed within 1.7 seconds into
a black hole constrains MTOV . 2.3M [e.g., 55, 56].
Assuming a mixing fraction  = 0, i.e a popula-
tion consistent with local double neutron star systems
but inconsistent with GW190425, we measure MTOV =
2.26+0.31−0.17M. As Fig. 4 shows, this is the most conser-
vative measurement and comparable to other analyses
measuring MTOV [e.g., 14, 29] which assume the local bi-
nary neutron star population is a good representation of
the binary neutron stars that merge. However, this mass
distribution is inconsistent with GW190425. If instead
we assume  = 0.5 we measure MTOV = 2.30
+0.38
−0.19M.
We stress that with only two gravitational-wave obser-
vations of binary neutron star inspirals, it is impossible
to constrain this mixing fraction. Instead, marginaliz-
ing over this unknown mixing fraction leads to MTOV =
2.31+0.36−0.21M. We can revisit this measurement after fu-
ture gravitational-wave measurements constrain , allow-
ing us to take a slice through our two-dimensional pos-
terior for a fixed .
We also measure the braking index mixing fraction
η = 0.69+0.21−0.39 which suggests that ∼ 70% of neutron star
post-merger remnants that collapse spin down predom-
8FIG. 3. Neutron star mass distributions. Left panel: In blue are the measured neutron star masses for those in double neutron
star systems, and in red are the masses of neutron stars in binaries with white dwarfs, main sequence stars, etc [47]. The black
curve is the best-fit mass distribution to these from Alsing et al. [47]. Right panel: in blue are the same double neutron star
systems, this time converted to chirp mass. In green and magenta are the chirp masses of the two gravitational-wave events
GW170817 and GW190425, respectively. The solid black curve is the chirp-mass distribution associated with the solid black
curve in the left panel. The dashed and dot-dashed black curves assume similar distributions to the solid-black curve, except
the mixing fraction between the two binary populations is  = 0.5 and 0.8, respectively (cf.  = 0.35 for the solid black curve).
inantly through gravitational-wave emission. This has
several consequences. Firstly, it is good for the prospect
of detecting gravitational waves from these objects. Al-
though not individually resolvable with current detectors
and even future detectors unless sufficiently close [e.g.,
57], they will contribute to the stochastic background
[e.g., 58, 59], which may become detectable with third-
generation gravitational-wave detectors [59]. We leave a
calculation of the stochastic background for future work.
The fraction of remnants that spin down through
gravitational-wave emission is also interesting for under-
standing the emission mechanism itself. It is intrigu-
ing to understand the physical difference between those
remnants that do and do not spin down predominantly
through gravitational-wave emission. For example, there
are a number of physical mechanisms that cause large-
amplitude gravitational waves such as the spin-flip in-
stability [60], inertial r modes [e.g., 61], or the secular
bar-mode instability [see e.g., 62]. Whether each of these
mechanisms operate in certain remnants but not others
could be a result of different initial conditions such as the
progenitor masses.
The spin-flip instability in newly born neutron stars
may operate when the internal toroidal magnetic field
winds up, causing the star to become a prolate spheroid.
Internal dissipation then causes the star to become an
orthogonal rotator in which the dominant moment of
inertia axis is misaligned with the star’s rotation axis.
In this configuration, the star is a maximal emitter of
gravitational waves. However, the birth magnetic field,
temperature distribution, initial spin period can all play
a large role in whether the spin-flip instability occurs
or not [e.g., see 63]. Moreover, the spin-flip instability
can cause the star to initially become an orthogonal ro-
tator, before re-aligning and becoming an aligned rota-
tor. In such a situation, one would expect significant
gravitational-wave emission early in the star’s life which
then gets suppressed significantly as the star again be-
comes aligned [64, 65].
Both the secular bar mode and inertial r mode satura-
tion amplitudes are highly uncertain, and likely depend
on the star’s temperature through bulk viscosity. For ex-
ample, if the star does not cool sufficiently (1010 K), the
bar-mode instability may be suppressed [e.g., 66] leading
to a dearth of gravitational-wave emission. The secular
bar-mode instability might also fail if the ratio of T/W ,
where T is the rotational kinetic energy and W is the
gravitational potential energy, simply does not exceed
the critical point for the instability due to, for example,
the mass ratio of the merging neutron stars. While it
is not clear what the active or dominant gravitational-
wave emission mechanisms are in these nascent stars, it
is clear that understanding the fraction that spin down
through gravitational waves versus electromagnetic radi-
ation could provide valuable insight into this interesting
question.
We measure µ〈n〉 = 3.12
+0.69
−0.87 suggesting that the rest
of the post-merger remnants that collapse spin-down
through on average close to vacuum dipole radiation.
Our measurement µ〈n〉 & 3 could imply we are seeing a
mixture of gravitational-wave and electromagnetic emis-
sion, i.e., while ∼ 70% are consistent with 〈n〉 = 5, the
rest initially spin down through gravitational waves and
later spin down through electromagnetic radiation. We
use our posteriors to construct the probability density
function for the averaged braking index which is shown in
Fig. 5. This suggests that a large fraction of post-merger
remnants that collapse spin-down predominantly through
gravitational waves while the rest spin-down with an av-
erage braking index close to 〈n〉 = 3, consistent with vac-
uum dipole radiation. We show the full two-dimensional
posterior distribution on all these parameters in the Ap-
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FIG. 4. One (top panel) and two-dimensional (bottom panel)
posterior distributions on MTOV and MTOV−. We also show
a slice through the two-dimensional posterior for  = 0. i.e a
mass distribution similar to the galactic double neutron star
systems but inconsistent with the progenitors of GW190425.
We measure MTOV = 2.26
+0.31
−0.17M assuming a mixing frac-
tion  = 0. which implies a mass distribution inconsistent
with the progenitors of GW190425. We plot few other con-
straints for MTOV based on pulsar observations [52, 53] and
inferred fate of GW170817 [e.g., 54]. For clarity, we only plot
the median of these measurements but we stress that several
of these measurements have large uncertainties and the later
constraint, based on the inferred fate of the post-merger rem-
nant of GW170817 could realistically be anywhere between
the two hypermassive (green) or stable (red) scenarios.
pendix.
In Fig. 6 we show the two-dimensional posterior distri-
bution of α and β, see Eq. (4). Here, hadronic equation of
states are marked with blue dots while quark star equa-
tion of states are marked with red crosses. The shade
of blue in the posterior indicates the confidence level
of our posterior and grey is the 95% prior. Our pos-
terior is consistent with both quark and hadronic equa-
tions of state at the two-sigma level, with current con-
straints slightly favouring quark-like equations of states
over purely hadronic. The specific equation of states as
well as their corresponding α, β parameters are listed in
Table IV but we emphasise that given the current size of
the population we are not interested in individual equa-
FIG. 5. Average braking index distribution. The blue curve
indicates the median value of the posterior while the red
curves are two-sigma confidence intervals.
Equation of state α β
GM1 1.58× 10−10p−β −2.84
APR 0.303× 10−10p−β −2.95
BSk20 3.39× 10−10p−β −2.68
BSk21 2.81× 10−10p−β −2.75
CIDDM 2.58× 10−16p−β −4.93
CDDM1 3.938× 10−16p−β −5.0
CDDM2 2.22× 10−16p−β −5.18
MIT2 1.67× 10−15p−β −4.58
MIT3 3.35× 10−15p−β −4.60
PMQS1 4.39× 10−15p−β −4.51
PMQS2 5.90× 10−15p−β −4.51
PMQS3 9.00× 10−15p−β −4.48
TABLE IV. Equation of states and their corresponding α and
β parameters, all equation of states parameters are from Li
et al. [28].
tion of states, but rather the large difference in α − β
parameter space between quark and hadronic equation
of states. The relationship between α and β has been
explored in the past with Ai et al. [54] exploring the
constraints on these parameters for different equation of
states with observations of GW170817 and Gao et al. [67]
deriving a general relationship for α and β by parameter-
ising in terms of how much more mass can be added for a
given spin period. If these supramassive neutron stars are
quark stars, this might suggest that either these newly-
born neutron stars are born via the merger of two quark
stars, or that the merger of two hadronic neutron stars
results in a phase transition from a hadronic to quark
equation of state. Both of these options have implica-
tions for nuclear theory, with the latter phase transition
being perhaps detectable in the near-future with aLIGO
[e.g., 68].
In the future, with more events and a better informed
binary neutron star mass distribution we will revisit these
measurements.
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FIG. 6. Two-dimensional posterior distribution of α and β
with hadronic equation of states marked by circles and quark
star equation of states marked by crosses. The shades of blue
correspond to one-two-three sigma confidence intervals.
V. CONCLUSION
We have shown how observations of the X-ray after-
glows of short gamma-ray bursts can be used to infer the
presence of long-lived binary neutron star post-merger
remnants that later collapse to form black holes. This im-
plicitly requires that long-lived neutron star post-merger
remnants can produce a short gamma-ray burst, which
is still heavily debated see [e.g., 69–71] We have also
shown that, given a population of these putative collaps-
ing neutron stars, hierarchical Bayesian inference pro-
vides a framework for measuring the population proper-
ties. In particular, we use the observations of 18 short
gamma-ray bursts to measure the maximum allowed non-
rotating mass MTOV = 2.31
+0.36
−0.21M marginalised over
the unknown mixing fraction between the mass distribu-
tion describing both single and double neutron stars ob-
served in our galaxy, the former being consistent with the
progenitors of GW190425. If instead, we assume  = 0
(i.e., a mass distribution that is inconsistent with the pro-
genitors of GW190425 but a good representation of lo-
cally observed double neutron star systems), we measure
MTOV = 2.26
+0.31
−0.17M. Future measurements of gravi-
tational waves from binary neutron stars will allow an
independent measurement of  allowing us to revisit our
measurement and therefore provide a tighter constraint
on MTOV.
Although broad, our measurement for MTOV
marginalised over the unknown mixing fraction is
comparable to inferences of MTOV made with short
gamma-ray bursts [e.g., 14]. However, such measure-
ments will need to be revisited as they assume the
galactic double neutron star distribution is a good rep-
resentation of binary neutron star merger progenitors.
The observation of GW190425 suggests this is not the
case. Our measurement is also comparable to inferences
of a sharp cut-off in the galactic neutron star mass
distribution [47] and inference based on the uncertain
nature of the post-merger remnant of GW170817 [54].
We measure equation-of-state specific parameters,
log10 α = −14.89+3.94−2.72s−β and β = −4.67+1.32−0.92. Together
these measurements suggest deconfined quark equation
of states are slightly favoured over hadronic, however,
the data is not conclusive with both sets of equations of
states being consistent with the population at the two-
sigma level.
We also measure the fraction of post-merger remnants
that spin-down through gravitational waves implying a
braking index, n = 5 as η = 0.69+0.21−0.39, suggesting that
∼ 70% of neutron star post-merger remnants born in
short gamma-ray bursts which collapse do so due to spin
down predominantly through the emission of gravita-
tional waves.
There are some limitations to our analysis. In par-
ticular, we do not consider any selection effects, which
for a population such as ours are two-fold. First, in-
trinsically brighter short gamma-ray bursts are assumed
to be observed on-axis and as such the emission pro-
duced by the interaction of the burst with the surround-
ing environment is brighter than the putative neutron
star post-merger remnant. This implies that for on-axis
short gamma-ray bursts, the window to infer the pres-
ence of a sharp drop due to the collapse of a long-lived
neutron star is shorter as the initial emission from the
jet has to drop to a level such that the emission from
the neutron star can be observed. Second, Swift typi-
cally takes up to ∼ 100 seconds to slew and observe an
X-ray afterglow implying it will not see the collapse of
some long-lived neutron stars that collapse before ∼ 100
seconds. However, to complicate this further, this is the
time measured in the detector frame which is red-shifted
by an amount often not known. We aim to formulate and
incorporate these selection effects in the future, however,
we note that both these effects currently do not influence
our results. We have verified this with injection stud-
ies with up to 20 events in our population and the bias
caused by these effects is below our measurement uncer-
tainty and will only become important as the population
grows.
As described in Sec. III we numerically marginalized
over the unknown individual masses and spin periods
of the putative post-merger remnants in our population.
These marginalisations add uncertainty to our measure-
ments as they propagate the uncertainty from not know-
ing these parameters into our inferred population param-
eters. In the future, with a possible coincident detection
of gravitational waves from a binary neutron star inspiral
and an X-ray afterglow, we can avoid these marginaliza-
tion’s or have a more informative prior, which will lead
to a much more informative measurement.
In conclusion, we have shown that X-ray afterglow ob-
servations of short gamma-ray bursts can be used to con-
strain properties of post-merger remnants, with the pop-
ulation properties offering critical insight into the nuclear
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equation of state and gravitational-wave emission from
newly born neutron stars. In light of GW190425, we mea-
sure MTOV = 2.31
+0.36
−0.21M marginalised over all possible
values of the mixing fraction describing the mass distri-
bution of double and single neutron star systems in our
galaxy, the latter being consistent with the progenitors
of GW190425. If instead, we assume a mixing fraction
 = 0, i.e a mass distribution consistent with the double
neutron star systems in our galaxy but one that rules out
GW190425 having neutron star progenitors, we measure
MTOV = 2.26
+0.31
−0.17M.
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Appendix
FIG. 7. Corner plot showing the one and two-dimensional
posterior distributions on µ〈n〉, 〈n〉σ,1, 〈n〉σ,2 and η. The
shades of blue correspond to one-two-three sigma confidence
intervals.
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